This paper aims at assessing the impacts of ENSO events on the Brazilian agricultural production. The analysis is focused in the Northeast and South regions, the most vulnerable to ENSO effects in Brazil. We adopt a three-stage approach. First, we specify a spline regression model relating sea surface temperature anomalies (SSTA) in the Pacific to weather conditions in Brazilian municipalities. Then, we specify a second group of regressions aimed at assessing how temperature and precipitation in Brazilian municipalities determine crop yields. Finally, with the estimated coefficients provided by the regressions of the early stages, we conduct simulation exercises to evaluate the impacts of ENSO on crop yields. Simulation results show that corn and bean production are quite vulnerable to El Niño effects in the Northeast region, with productivity losses reaching 50%. The critical impact on corn and bean has important socioeconomic consequences, since these crops are mainly produced by household farmers. We also found that the impact of La Niña in the South region is quite significant for all crops. 
Introduction
The El-Niño-Southern Oscillation (ENSO) is the most important coupled oceanatmosphere phenomenon to cause global climate variability on interannual time scale. Basically, the phenomenon is related to the quasi-periodic redistribution of heat across tropical Pacific. ENSO is characterized by a varying shift between a neutral phase and two extreme phases: El Niño and La Niña 2 . The El Niño phase is marked by a deep layer of warm ocean water across the east-central equatorial Pacific, with sea surface temperatures generally 1.5°-2.5° above average. La Niña related conditions are opposed to those of El Niño: a deep layer of cooler than average ocean temperatures across the east-central equatorial Pacific, with sea-surface temperatures generally 1.0°-2.0° below average.
The life cycle and strength of a Pacific warm or cold have significant weather impacts which are felt across large geographic areas. For example, the strong 1982-1983 El Niño led to heavy rains in the United States, India and China. On the other hand, during this period Australia and Northern Africa experienced severe droughts.
In Brazil, weather-related effects associated to El Niño and La Niña vary considerably across regions. During the El Niño phase, there is a reduction in precipitation in the North and Northeast regions, while the South region faces a higher frequency of heavy rains. In La Niña years, the situation is reversed: while the North-Northeast regions experience higher than average rainfalls, the South region is subject to severe droughts.
ENSO events have significant effects on rural activities, since weather is a primary determinant of agricultural productivity. Disruption of agricultural activities due to ENSO-related events may impose substantial social and economic costs, leading to food price increases as well as decreasing rural incomes. According to Berlato et al. (2005) , agricultural production losses in Brazil amounted to 4.9 million tons during the 1982-1983 El Niño. Floodings caused a 35% decrease in agricultural production in the South region, while the severe droughts affected 29 million people in the Northeast region.
This paper aims at assessing the impacts of ENSO events on the Brazilian agricultural production. The analysis is focused in the Northeast and South regions, the most vulnerable to ENSO effects in Brazil. Using a database for 1970-2002, we specify an econometric model to analyze how ENSO events have impacted crop yields in each region.
The paper is organized as follows. After this introduction, the next section provides further details of ENSO effects on Brazilian weather. The third section describes the econometric model and the database.Results are presented and discussed in the fourth section. Finally, the last section provides a synthesis of the main conclusions.
ENSO-related weather effects in Brazil
ENSO-related weather effects are quite heterogeneous across Brazilian regions. Generally speaking, one may observe a reduction in precipitation in the North and Northeast regions during the El Niño phase, while the South region faces a higher frequency of heavy rains. In La Niña years, the situation is reversed: while the NorthNortheast regions experience higher than average rainfalls, the South region is subject to severe droughts 3 .
As can be seen in Table 1 , during El Niño years average monthly rainfall in the Brazilian Northeast decreases considerably when compared to neutral years. Higher average temperatures are also verified during all the seasons. On the other hand, La Niña years are characterized by higher precipitation and slightly lower temperatures. ENSO-related episodes have also an impact on the frequency of extreme precipitation events in the Northeast region, with the occurrence of severe droughts during El Niño and floodings during la Niña years. ENSO-related effects in the South region are opposed to the ones found in Northeast. As showed in Table 2 , El Niño years register higher precipitation levels and lower temperatures. The frequency of heavy rains increases considerably and flooding episodes are regularly observed. On the other hand, during the La Niña phase, average monthly rainfall decreases and temperatures are higher. Both the floodings associated to the El Niño phase and the severe droughts associated to La Niña are responsible for significant agricultural production losses in Southern Brazil. 
Econometric model
In order to evaluate the ENSO-related impacts on crop yields, we adopt a three-stage approach. First, we specify a spline regression model relating sea surface temperature anomalies (SSTA) in the Pacific to weather conditions in Brazilian municipalities. Then, we specify a second group of regressions aimed at assessing how temperature and precipitation in Brazilian municipalities determine crop yields. Finally, with the estimated coefficients provided by the regressions of the early stages, we conduct simulation exercises to evaluate the impacts of ENSO on crop yields.
The first stage regression relates SSTA in the Pacific to weather conditions in Brazil. We assume that the marginal effects of SSTA on weather conditions in Brazil are dependent on the ENSO phase. In order to incorporate this assumption in the regression model, we adopt a linear spline specification, where the knots are located in the SSTA levels that define each ENSO phase 4 . Specifically, the first knot is located in the threshold level that defines La Niña phase (-0.5 o C), while the second knot is located in the El Niño threshold (+0.5 o C). Weather conditions in Brazilian municipalities are assumed to depend on SSTA of the current period and the previous one. The estimated regression has the following specification:
4 According to the National Geographic and Atmospheric Administration (NOAA), El Niño phases are characterized by SST anomalies above + 0.5 o C, while La Niña phases occur when SSTA is below -0.5 o C. When SSTA is within these thresholds, the period is classified as a neutral one.
where variable weather refers to observed temperature and precipitation levels in municipality i in quarter t , variables SSTA t and SSTA t-1 refer to sea surface temperature anomalies observed in the current quarter and the previous one, and µ i is a fixed effects term that accounts for unobserved geographic characteristics of the municipality that may influence weather conditions. In other to account for the heterogeneity of ENSO effects across the country, we also introduce cross-product terms where the geographical location characteristics of the municipality (latitude and longitude) are multiplied by SSTA.
The second stage regression relates crop yields with observed temperature and precipitation. In order to incorporate the non-linearity relations between crop productivity and weather, we introduce both linear and quadratic terms for the wheater variables. The estimated regression has the form:
where variable yield refers to crop productivity of crop s in municipality i in year t measured in terms of yield/hectare. Temp and prec represent observed temperature and precipitation. The weather related variables were introduced in quarterly averages, in order to account for the potential heterogeneity weather variations may have on crops in different seasons of the year. Variable T represents a time trend included in the regression in order to account technological progress and other time-varying unobserved characteristics common to all municipalilities that may affect crop productivity.
Finally, the third stage refers to the simulation exercise. In order to assess the effects of El Niño/La Niña on crop productivity, we adopt the following simulation approach:
is the estimated weather-related coefficients of the second stage regression (equation (2)) and ] [ŵeather E is the estimated temperature and precipitation regarding each ENSO phase obtained in the first-stage regression.
Data
The econometric model was estimated using data for the period 1970-2002. Agricultural information was obtained from the Produção Agrícola Municipal (PAM), a yearly agricultural survey conducted by the Instituto Brasileiro de Geografia e Estatística (IBGE -Brazilian Institute of Agriculture and Statistics). PAM provides data on total production and planted area by crop for each Brazilian municipality. Crop yields were computed by dividing total production by planted area. For our analysis, we chose the most important crops in terms of production value in each region. Appendix B provides crop productivity maps for both Northeast and South regions.
Observed temperature and precipitation data was obtained from the database CL 2.0 10', produced by the Climate Research Unit (CRU/University of East Anglia). This database provides monthly data at a 50 km horizontal resolution grid. Municipal weather averages were obtained by overlaying the climate grid on the Brazilian municipality map, using ArcGIS software. Finally, data on SSTA was obtained from NOAA.
Results
The model was estimated for a panel of 1,855 municipalities covering the period 1970-2002. Regression results for equations (1) and (2) are presented in Appendix C.
Estimated coefficitents from the first-stage regression indicate that variations in sea surface temperature in the Pacific Ocean have distinct effects on weather in Brazilian municipalities according to ENSO phase. In particular, controlling for geographical characteristics, increasing temperatures in the Pacific during El Niño periods leads to higher temperatures and lower precipitation in Brazilian municipalities.
Results from the second stage regressions shows that weather coefficients vary considerably by season, suggesting that impact of temperature and precipitation variations are quite heterogenous across seasons. This finding highlights the importance of working with disaggregated weather-related data, since annual data would not be able to capture such pattern. It should also be remarked that in most of the regressions both linear and quadratic terms for weather variables are significant, showing the nonlinearity relationship between weather and crop productivity.
Tables 3 and 4 exhibit the simulation results for the impact of ENSO events on Northeast and South regions, respectively. During El Niño years, sugarcane and manioc productivity in Northeast decrease by 5%. Corn and bean production are quite more vulnerable, with productity losses reaching 50%. The critical impact on corn and bean has important socioeconomic consequences, since these crops are mainly produced by household farmers. Regarding La Niña, the effects on sugarcane and manioc may be considered negligible, but the impact is quite severe on bean productivity. Table 4 shows that the impact of La Niña in the South region is quite significant for all the crops. Actually, during la Niña phase, the South region is subject to severe droughts which may lead to significant production loss. Wheat production seems particularly vulnerable to La Niña effects. The effects of El Niño are also significant, particularly for corn and soybean production. 
Conclusion
ENSO events have significant effects on rural activities, since weather is a primary determinant of agricultural productivity. Disruption of agricultural activities due to ENSO-related events may impose substantial social and economic costs, leading to food price increases as well as decreasing rural incomes. Identifying the impacts of ENSOrelated events is of paramount importance to assess crop vulnerability and the correlated socioeconomic consequences.
This paper aimed at assessing the impacts of ENSO events on the Brazilian agricultural production. The analysis was focused in the Northeast and South regions, the most vulnerable to ENSO effects in Brazil. We adopted a three-stage approach. First, we specified a spline regression model relating sea surface temperature anomalies (SSTA) in the Pacific to weather conditions in Brazilian municipalities. Then, we specified a second group of regressions aimed at assessing how temperature and precipitation in Brazilian municipalities determine crop yields. Finally, with the estimated coefficients provided by the regressions of the early stages, we conducted simulation exercises to evaluate the impacts of ENSO on crop yields.
Simulation results showed that corn and bean production are quite more vulnerable to El Niño effects in the Northeast region, with productity losses reaching 50%. The critical impact on corn and bean has important socioeconomic consequences, since these crops are mainly produced by household farmers. We also found that the impact of La Niña in the South region is quite significant for all the crops. Note: *.** and *** indicate statistical significance at 10%. 5% and 1% level. respectively. Standard errors in parenthesis
